We report broadband proton-decoupled CLIP/CLAP-HSQC experiments for the accurate determination of one-bond heteronuclear couplings and, by extension, for the reliable measurement of small residual dipolar coupling constants. The combination of an isotope-selective BIRD (d) filter module with a non-selective 1 H inversion pulse is employed to refocus proton-proton coupling evolution prior to the acquisition of brief chunks of free induction decay that are subsequently assembled to reconstruct the fullydecoupled signal evolution. As a result, the cross-peaks obtained are split only by the heteronuclear one-bond coupling along the F 2 dimension, allowing coupling constants to be extracted by measuring simple frequency differences between singlet maxima. The proton decoupling scheme presented has also been utilized in standard HSQC experiments, resulting in a fully decoupled pure shift correlation map with significantly improved resolution.
Introduction
Residual dipolar couplings (RDCs) provide invaluable long-range constraints for structure determination of molecules, conveying information on the distances between dipolar-coupled nuclei and on the orientations of the corresponding internuclear bond vectors. In recent years residual dipolar couplings have therefore been widely utilized in structural studies of proteins, nucleic acids, carbohydrates, organic and organometallic compounds in the liquid state, and have been shown to improve considerably the precision of structures [1] [2] [3] [4] [5] [6] [7] [8] [9] .
For weakly aligned samples, RDCs manifest themselves in NMR spectra as an increase or decrease in the splittings due to scalar (J) couplings between nuclei. Their magnitudes can therefore be extracted by measuring changes of splitting in isotropic compared to anisotropic sample conditions.
Here we propose a modification of F 2 -coupled CLIP/CLAP-HSQC [10] experiments in which the unwanted additional splittings caused by co-evolution of proton-proton couplings are eliminated with the aid of an isotope-selective BIRD-based broadband proton decoupling scheme applied during signal evolution. Thus one-bond heteronuclear couplings can be determined from the resulting spectra simply by measuring the frequency differences between the peak maxima of singlets, instead of between the centers of complex multiplets.
We also demonstrate that the proposed broadband proton decoupling scheme, when built into the standard gradient enhanced HSQC experiment, leads to pure shift correlation spectra of enhanced resolution, offering significant advantages for automated spectral analysis such as automated peak-picking or automated intensity measurement in HSQC-based relaxation experiments.
Experimental
All experiments were performed on a Bruker Avance II 500 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with a TXI z-gradient probe. All spectra were processed with TopSpin 2.1, 2.5 or 3.0 (Bruker Biospin GmbH, Karlsruhe, Germany). For testing the experiments a sample of 13 for isotropic condition. The liquid crystalline phase was prepared as described by Rückert and Otting [11] from ether/alcohol (hexaethylene glycol monododecyl ether (C 12 E 6 )/nhexanol, 5%, r = 0.64, J Q = 25 Hz). The C 12 E 6 and n-hexanol were purchased from Sigma-Aldrich and used without further purification. For processing the 3D raw data sets acquired with the pulse sequences presented, a Bruker AU program (available at http://nmr.chemistry.manchester.ac.uk) was used to reconstruct the 2D interferograms. Prior to 2D Fourier transformation, the data were apodized by multiplying with a 90° shifted sine-squared function and then zero-filled by a factor of two in both dimensions, to yield a spectral resolution of 0.3 -0.5 Hz/point in the 1 H dimension.
Results and discussion
Due to the increasing interest in the use of RDCs in recent years, numerous methods based on measuring frequency differences between multiplet components have been developed for the measurement of one-bond heteronuclear coupling constants. The most widely used approach is based on the HSQC experiment, with heteronuclear couplings retained in the F 1 or F 2 dimension. To circumvent spectral crowding due to the increased number of cross-peaks in the coupled spectra, E-COSY [12] , spin-state selective [13] [14] [15] , IPAP [16] and TROSY [17] [18] [19] methods have been proposed.
Unfortunately, all these methods suffer from additional splittings of cross-peaks due to the co-evolution during data acquisition of coupling interactions other than the desired heteronuclear one-bond coupling.
To eliminate line-splittings caused by multiple bond heteronuclear couplings in the F 1 -coupled HSQC sequence, a gradient enhanced BIRD (r) module has been employed during the evolution period t 1, yielding simplified cross peaks with only splittings due to the desired one-bond couplings in the F 1 dimension [20, 21] . However, heteronuclear correlation experiments coupled in the indirect F 1 dimension are limited by the necessity of acquiring large numbers of t 1 points to achieve sufficiently high digital resolution, therefore making the experiment rather time-consuming. For this reason, measurement of one-bond heteronuclear coupling constants from F 2 multiplets appears more favorable due to the high digital resolution affordable in the F 2 dimension. However, the complexity and asymmetry of multiplet structures due to proton-proton scalar/dipolar couplings may render the accurate definition of peak positions difficult or even impossible.
A breakthrough in the removal of unwanted line-splittings is offered by the use of broadband homonuclear decoupling methods that have been reported in the last few years [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Such experiments can be classified into two groups, depending on the decoupling approach employed. The first group [22, 23, 25, 26, 28, 30] utilizes the Zangger-Sterk approach [22] , which achieves broadband homonuclear decoupling by combining a hard 180° and a selective 180° proton pulse, the latter applied under the action of a weak gradient field pulse to give an effect that is both spatially-and frequency-selective. As a result, in a given slice of the sample the on-resonance magnetization experiences no net effect, whereas all other proton magnetizations are inverted, refocusing any homonuclear scalar couplings to the observed spin. 
Broadband proton-decoupled CLIP-and CLAP HSQC experiments
In the modified CLIP/CLAP-HSQC experiments reported here, broadband proton decoupling in the 1 H dimension is achieved by replacing the conventional data acquisition of a free induction decay (FID) s(t 2 ) at the end of the HSQC pulse sequence with a second evolution time, t 2 , at the centre of which a hard 180° proton pulse and a BIRD pulse sequence element are applied in succession, followed by acquisition of a FID s(t 3 ). The BIRD (d) pulse selectively inverts all proton magnetization directly attached to the X nuclei, but leaves the magnetizations of remotely bound protons and X nuclei unperturbed. In combination with the non-selective 180° proton pulse, therefore, the net effect is for the 1 Therefore, the correct setting of the delays in the sequences of Fig. 1 , as detailed in the figure legend, is critical.
As in the original CLIP-HSQC experiment [10] , a carbon 90° pulse is employed to purge the undesired residual dispersive antiphase proton magnetization prior to detection. In the case of the CLAP-HSQC sequence, proton magnetization is detected in antiphase, so only a short spin-echo sequence to accommodate the coherence selection gradient pulse (G 4 ) follows, and the purging carbon pulse is omitted here.
The broadband proton-decoupled sequences of proposed by Rückert and Otting [11] . The high quality of the spectra and the selected carbon traces, with pure absorptive in-or antiphase doublets, shown in Fig. 4 demonstrates the good performance of these experiments, and promises the reliable measurement of RDCs, as exemplified for selected multiplets of C5.
It should be mentioned here that the undesired extra signals marked by asterisks (*) in Fig. 4 , which arise from the weakly orienting phase in the anisotropic sample, show considerably reduced intensity in the broadband proton-decoupled spectra, but this is simply due to T 2 relaxation during the extended acquisition scheme of the decoupled sequences.
It is also important to note that following the IPAP-approach, as proposed earlier [16] (that is, adding and subtracting CLIP-and CLAP-HSQC spectra) allows quantitative extraction of one-bond coupling constants even in the case of complete overlap of  and  components of different doublets.
Broadband proton-decoupled, pure shift HSQC experiment
With a slight modification of the CLIP-HSQC sequence described above, a new method for generating broadband proton-decoupled (pure shift) HSQC (PS-HSQC) spectra is proposed. Such spectra have hitherto required a different experimental approach [24] .
The PS-HSQC sequence depicted in Fig. 5 starts with the CLIP-HSQC block of the sequence in Fig. 1 , but here the last purging carbon 90° pulse (which becomes superfluous when X-decoupling is used during detection) is omitted. In addition, the acquisition scheme detailed in the previous section is extended with two elements: 1) an appropriately-positioned carbon inversion 180° pulse (shown in grey) is needed to refocus the evolution of one-bond heteronuclear coupling between the detected FID chunks; and 2) composite pulse X-decoupling is turned on during FID acquisition s(t 3 ) to remove the undesired heteronuclear coupling interactions and so to obtain a fully decoupled, pure shift (PS) X-1 H correlation spectrum.
The beneficial features of the PS-HSQC sequence presented are illustrated in Fig.   6 , which compares the HSQC spectra of D-sucrose and representative F 2 traces recorded with the standard non-decoupled and decoupled experiments. It is evident from the spectra presented that the removal of proton-proton splittings from X-1 H correlation spectra yields a considerable resolution improvement, making unambiguous spectral assignments and automated analyses feasible even in crowded spectra. The reduction of signal width due to proton-proton broadband decoupling, together with the pseudo-3D acquisition scheme employed, is particularly interesting for the collection of high resolution data. Specifically, in the PS-HSQC experiment presented, the resolution attainable in the direct dimension is not limited by the sample heating of X-decoupling during detection, but simply by the number of t 2 increments. Thus spectra with large numbers of t 2 increments, offering high resolution in F 2 , can be collected even under the action of broadband heteronuclear decoupling.
An additional advantageous side-product of the BIRD (d) filter employed in the acquisition scheme presented is the efficient suppression of undesired long-range cross peaks arising from strong coupling effects, as demonstrated in Fig. 6 . The strong coupling artifacts, marked by asterisk (*) in the standard HSQC spectrum (Fig. 6a ) and the corresponding carbon traces at F4, F5, are almost entirely suppressed in the PS-HSQC spectrum (Fig. 6b) , yielding a high quality pure shift correlation map for further spectral analysis. Note that this beneficial purging feature of the BIRD module has been utilized earlier in the standard HSQC experiment [33, 34] .
To compare the sensitivity and robustness of the present pure shift HSQC experiment and the earlier method of Sakhaii et al. [24] , HSQC spectra were recorded using the two pulse sequences with identical experimental parameters, but employing the same data acquisition scheme and processing, to ensure comparability. The signal intensities measured in the correlation spectra of Fig. 7 and illustrated by representative carbon traces at the right show that the sensitivity of the two experiments is comparable.
Interestingly, the HSQC spectra recorded with intentionally mismatched INEPT/BIRD delays corresponding to 1 J XH = 100 Hz show significant dissimilarity in the appearance of artifacts. The purging and coherence selection gradient scheme employed in the broadband proton-decoupled HSQC sequence of Fig. 5 seem to suppress the effects of the proportion of magnetization that does not experience perfect rotation by the BIRD (d) module with high efficiency, yielding clean and artifact-free spectra even for a wide range of BIRD delays and hence for a wide range of one-bond coupling constants.
As noted earlier, the basic BIRD approach to broadband homonuclear decoupling is not able to suppress the effects of geminal couplings. Fig. 3 also illustrate this characteristic multiplet structure of CH 2 moieties. A method for the suppression of these undesired splittings will be the subject of a later publication.
In order to study the improvements in resolution that can be achieved for macromolecules, a 1 H-15 N HSQC experiment incorporating the proposed broadband proton decoupling scheme during acquisition was carried out on a 15 N-labeled, 55 amino acid residue, Penicillium antifungal protein (PAF) [35, 36] . As expected, decoupling of proton-proton interactions yields a significant decrease in F 2 linewidths (illustrated in Fig. 8 ), allowing direct and accurate measurements of NH chemical shifts and of cross peak intensities from the broadband decoupled singlets using automated peak picking.
Conclusions and future outlook
The broadband proton-decoupled CLIP/CLAP-HSQC experiments proposed here allow direct and accurate measurement of one-bond heteronuclear coupling constants and their dipolar contributions in XH moieties, and greatly simplified measurements in XH 2 .
The coupling constants can be determined directly, by measuring the splitting of pure absorptive in-or antiphase F 2 doublets, or by measuring the frequency difference between the relevant  and  multiplet components in the edited (added and subtracted)
IPAP spectra. The latter approach allows the extraction of one-bond couplings even in the case of complete overlap of multiplet components. The robustness of the decoupled sequences presented with respect to variation in 1 J XH ensures their applicability for RDC measurement, where wide distributions of (
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Modification of HSQC-based relaxation sequences, such as T 1 , T 2 , NOE, crosscorrelated relaxation and relaxation dispersion experiments, to use the pure shift approach presented is in progress, with the promise of considerable benefits in the automated analysis of the resulting pure shift HSQC spectra.
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